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The combined photoelectrocatalytic/electro-Fenton (PEC/EF) process containing a Pt/TiO2NTs photoan-
ode and an air-diffusion PTFE cathode is investigated in the degradation of the Acid Red 29 (AR29)
dye. The photoelectrocatalytic (PEC), electro-Fenton (EF) and photoelectrocatalytic/electro-Fenton
(PEC/EF) processes are compared in the performance of dye treatment. The mineralisation ability of
the AR29 dye increased in the sequence PEC < EF < PEC/EF with total organic carbon (TOC) decays of
81%, 90% and 98%, respectively. The AR29 decays followed a pseudo ﬁrst-order kinetic. The higher min-
eralisation capacity obtained for the PEC/EF process in comparison with the PEC and EF processes was
ascribed to the additional production of OH by the photolytic reactions in bulk and on the Pt/TiO2NTs
surface. The synergetic effect from the photocatalytic reduction of H2O2 onto the electrode surface (which
minimises the electron/hole pair recombination) and the photolysis of Fe(III)–carboxylate complexes also
enhanced the degradation efﬁciency of the coupled process. Finally, a plausible pathway for AR29 degra-
dation via the PEC/EF process was proposed based on the by-products detected by HPLC and LC–MS/MS.
 2014 Elsevier B.V. All rights reserved.1. Introduction
A large variety of electrochemical advanced oxidative processes
(EAOPs), such as photoelectrocatalysis (PEC) [1–4], anodic oxida-
tion (AO) [5], electro-Fenton (EF) [6,7] and photoelectro-Fenton
(PEF) [8–10], have been employed in the oxidation and/or removal
of organic contaminants. These methodologies are based on the
generation of the strong hydroxyl radical (OH), which confers a
high oxidation power for the degradation of persistent organic pol-
lutants (POPs) [11].
Among a large variety of EAOPs, electrochemical techniques
based on Fenton’s reaction such as electro-Fenton (EF) and photo-
electro-Fenton (PEF) processes have been widely employed in the
degradation of herbicides [11–13], pharmaceuticals [10,14] and
textile dyes [6,8,9,15]. These processes consist of the continuous
and efﬁcient production of H2O2 in acid medium via the two-
electron reduction of O2 gas at carbonaceous cathodes, such as
carbon-PTFE gas diffusion electrodes [6,9–11], graphite-felt [16],
activated carbon ﬁbre [17] and BBD electrodes [13], by the follow-
ing reaction (1):O2 þ 2Hþ þ 2e ! H2O2 ð1Þ
The addition of small amounts of Fe2+ ion to the solution reacts
with the electrogenerated H2O2 in the acid medium to form homo-
geneous Fe3+ and OH from the classical Fenton’s reaction (2) [18]:Fe2þ þH2O2 þHþ ! Fe3þ þ OHþH2O ð2Þ
The catalytic reaction (2) is propagated by the cathodic reduc-
tion of Fe3+ ions at the cathode surface to regenerate Fe2+ ions
(reaction (3)), allowing the dehydrogenation and hydroxylation
of organic contaminants via non-selective attack of OH, leading
to total mineralisation [18,19].Fe3þ þ e ! Fe2þ ð3Þ
Electrolysed dye solutions under EF conditions may also be
exposed to UV irradiation by an artiﬁcial source, termed the photo-
electro-Fenton (PEF) process [8,11,13], which is the basis for
improving the reaction as a treatment method for organic contam-
inants. In this process, the UV irradiation can also accelerate the
mineralisation of organic contaminants by the photolysis of Fe(III)
complexes with carboxylic acids formed during the process, as
shown in reaction (4). Therefore, there is an enhancement of Fe2+
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reduction of Fe(OH)2+ complexes according to reaction (5)
[9,20,21]:
FeðOOCRÞ2þ þ hm! Fe2þ þ CO2 þ R ð4ÞFeðOHÞ2þ þ hm! Fe2þ þ OH ð5Þ
Additionally, the direct photolysis of hydrogen peroxide (reac-
tion (6)) may favour an additional formation of OH, even in smaller
proportions compared with reactions (2) and (5) [22].
H2O2 þ hm! OHþ OH ð6Þ
To achieve a better performance in the EF and PEF processes, the
couplings of different electrochemical and/or photochemical meth-
odologies have been investigated. In this way, Khataee et al. stud-
ied PEF coupling by using a carbon coated graphite plate nanotube
as a cathode and TiO2 nanoparticles (Degussa P25) immobilised on
glass plates for the treatment of a mixture of dyes [23]. Zarei et al.
employed a combined PEF/photocatalytic (PEF/PC) process with a
carbon nanotube–polytetraﬂuoroethylene (CNT–PTFE) electrode
for the treatment of the basic red 46 azo dye [24]. Recently, the
degradation of Rhodamine B was investigated by Ding et al.,
employing a new system by coupling photo-electrochemical/elec-
tro-Fenton processes in an undivided cell and applying a Bi2WO6/
FTO glass plate as a photoanode [25]. Based on these works, the
coupling of photocatalytic/electro-Fenton (PC/EF) processes in an
undivided cell indicated that there is signiﬁcant enhancement in
the efﬁciency of the EF process, motivating new studies on the
subject.
The use of photoelectrocatalytic processes by using semicon-
ductor materials such as TiO2 has been explored to treat several
organic pollutants [26]. Among them, the modiﬁcation/incorpora-
tion of metal nanoparticles, such as Pt [2,27,28], Au [29] and Ag
[30], into the lattice of this semiconductor material has attracted
attention. The decoration of semiconductor materials with metal
nanoparticles has focused on decreasing band gap values, which
limits their photoactivities at low wavelengths [31]. Furthermore,
the metal insertion on semiconductor surfaces can reduce elec-
tron–hole recombination because the Fermi levels of these metal
are lower than the TiO2 conduction band when deposited onto
the semiconductor surface [32,33]. Therefore, the introduction of
metal nanoparticles onto the TiO2 surface can enhance its oxida-
tion capacity of organic contaminants when applied as the pho-
toanode in photoelectrocatalytic processes [2,27,31]. Previously,
we have reported the preparation, characterisation and application
of TiO2 nanotube arrays decorated with Pt nanoparticles (Pt/TiO2-
NTs) as photoelectrodes in the degradation/mineralisation of Acid
Red 29 (AR29) [2]. This photoelectrode exhibits an intense absorp-
tion peak in the visible region, signiﬁcantly decreasing its band gap
energy and increasing the degradation efﬁciency. However, the
process presents good efﬁciency only for diluted solutions.
In context, the aim of this work was to investigate the minerali-
sation of azo dye solutions by using a coupling photoelectrocata-
lytic/electro-Fenton (PEC/EF) process containing a Pt/TiO2NTs
photoanode and an air-diffusion PTFE cathode. The textile Acid
Red 29 dye (AR29) was chosen as a model compound to compare
the degradation efﬁciency of the coupling PEC/EF process with
the EF and PEC processes (dye structure in Table 1). This azo dye
was used because approximately 70% of the dyes consumed in
the world belong to the class of azo dyes [34], which can pose cer-
tain environmental risks due to their carcinogenic and mutagenic
properties [35,36]. The performance of the PEC/EF system was
evaluated by comparison with the conventional PEC and EF pro-
cesses by monitoring the decolourisation and total organic carbon
(TOC) at different pH values. The kinetics of the AR29 dye decaywas followed by high-performance liquid chromatography (HPLC)
coupled to a diode array detector (DAD). Carboxylic acids and aro-
matic compounds formed as by-products of the dye degradation
were determined by HPLC-DAD and liquid chromatography cou-
pled to mass spectrometry (LC–MS/MS), respectively. Then, a plau-
sible sequence for AR29 degradation by PEC/EF process was
proposed.2. Experimental procedures
2.1. Chemicals
Acid Red 29 (75% purity), ethylene glycol (99.8% purity), ethanol
(P99.9% purity), chloroplatinic acid (P99.9% purity), heptahydrat-
ed ferrous sulphate (P99% purity), methanol (P99.9% purity) and
ammonium ﬂuoride (P99.99% purity) were supplied by Sigma–
Aldrich. Anhydrous sodium sulphate (P99.9% purity) and heptahy-
drated ferrous sulphate were analytical grade, purchased from
Merck. Sulphuric acid, used to regulate the solution pH, was sup-
plied by Sigma–Aldrich. All carboxylic acids were of analytical
grade, purchased from Sigma–Aldrich. Standard solutions were
prepared with distilled and deionised water (Milli-Q system, Mil-
lipore) with resistivity > 18 MX cm at 25 C.
2.2. Preparation of Pt/TiO2NT photoelectrodes
Pt/TiO2NTs photoelectrodes were prepared according to our
previous report [2]. Initially, polished titanium sheets from Sigma
Aldrich (99.99% purity) were cut (2.5  2.0 cm) and ultrasonically
degreased in three different solvents (isopropyl alcohol, acetone
and ultrapure water) successively for 15 min. The TiO2 nanotubes
(TiO2NTs) were prepared by anodisation of titanium sheets under
potentiostatic conditions [37–39]. For this purpose, a constant
potential of 30 V was applied for 50 h using a conventional two-
electrode cell, with a titanium sheet as an anode and platinum
mesh as a cathode. A glycerol solution containing 0.25 wt% NH4F
and 10 vol% ultrapure water was used as a background electrolyte
[40]. After anodisation, TiO2NTs were ﬁred at 450 C for 30 min to
convert the amorphous TiO2 to an anatase crystalline phase.
Finally, platinum nanoparticles were electrodeposited on the TiO2-
NTs surface using a conventional three-electrode cell, with a plat-
inum mesh as auxiliary electrode and Ag/AgCl as reference
electrode. Based on previously obtained results [2], a cathodic cur-
rent density of 10 mA cm2 was applied for 15 min in an ethanolic
solution of 10 mmol L1 chloroplatinic acid for electrodeposition of
Pt nanoparticles. All electrochemical assays were performed using
a potentiostat/galvanostat (AUTOLAB Model PGSTAT 302) con-
trolled by GPES software.
2.3. Electrolytic systems
All electrochemical experiments were performed in a cylindri-
cal electrochemical cell of 500 mL capacity with a double jacket
to maintain the temperature at 25 C through water recirculation
using a thermostat. The anode was the Pt/TiO2NTs photoelectrode,
and the cathode was a carbon–PTFE air-diffusion electrode sup-
plied by E-TEK and assembled as described elsewhere [41]. This
cathode was pumped with air (200 mL min1) to electrogenerate
H2O2 from O2 reduction according to reaction (1). The geometric
areas of the Pt/TiO2NTs photoanode and carbon–PTFE air-diffusion
cathode were 4.0 cm2 and 3.0 cm2, respectively. For all PEC and
PEC/EF experiments, a Philips high-pressure Hg lamp (80 W) with-
out glass protection (inserted in a quartz tube) was used as the
irradiation source. Both electrodes (i.e., the Pt/TiO2NTs photoanode
and the carbon-PTFE air-diffusion cathode) were arranged around
Table 1
LC–MS/MS identiﬁcation of chemical structure, retention time and fragment ions of the AR29 dye and aromatic by-products formed during the PEC/EF treatment of AR29
solutions under the optimised conditions described in Fig. 6.
Compound tR
(min)
Proposed structures m/z Fragment ion (MS2)
m/z
Acid Red 29 (1) 7.14
N=N
OH OH
NaO3S SO3Na
467 [MH]a
7.09 445
[MNa]a
–
7.25 221
[MNa]2b
4,5-Dihydroxy-6-(phenyldiazenyl)naphthalene-2-sulfonate (2) 8.54
N=N
OH OH
SO3
343 [MH]a 279, 251
Monosodium(trihydroxy-6-(phenyldiazenyl)naphthalene-2,7-
disulfonate (3)
3.85
N=N
OH OH
O3S SO3Na
HO
461 [MH]a 369, 354, 266
Trihydroxy-6-(phenyldiazenyl)naphthalene-2-sulfonate (4) 7.17
N=N
OH OH
SO3
HO
359 [MH]a 279, 267
Tetrahydroxy-6-(phenyldiazenyl)naphthalene-2-sulfonate (5) 7.31
N=N
OH OH
SO3
OHOH
375 [MH]a 189, 105
Trihydroxy-3-(phenyldiazenyl)-7-sulfonaphthalene-2-sulfonate
(6)
4.06
N=N
OH OH
O3S SO3H
OH
439 [MH]a 332, 266, 250
6-((Dihydroxyphenyl)diazenyl) exahydroxynaphthalene-2-
sulfonate (7)
6.45
N=N
OH OH
SO3
OH
HO
OH
OH
OH
OH 439 [MH]a 331
2-Amino-4-(3-hydroxypropyl)phenol (8) 6.96
OH
HO
H2N 166 [MH]a 134, 58
6-Hydrazinylbenzene-1,2,3,4,5-pentaol (9) 6.10
HO
OH
OH
HO N
OH
NH2
H 187 [MH]a 169, 125, 97
2,5-Dihydroxy-4-sulfobenzoic acid (10) 7.21
O3S
HO
OH
OH
O 233 [MH]a 121, 113, 69
(continued on next page)
L.C. Almeida et al. / Journal of Electroanalytical Chemistry 734 (2014) 43–52 45
Table 1 (continued)
Compound tR
(min)
Proposed structures m/z Fragment ion (MS2)
m/z
2,3,4,5,6,7-Hexahydroxynaphthalen-1-olate (11) 9.41
HO
HO
OH OH
OH
OH
O
239 [MH]a 223, 149, 91
4-Carboxy-2,3,6-trihydroxyphenolate (12) 7.19
O
OH
HO
OH
OH
O 185 [MH]a 140, 58
2-Carboxybenzoate (13) 6.57
OH
O
O
O
165 [MH]a 121, 77
Benzoic acid (14) 6.09
OH
O 121 [MH]a 93, 77
Hydroquinone (15) 4.71
HO OH
109 [MH]a 81
2-(5-Amino-2-hydroxyphenyl)acetic acid (16) 6.26 OH2N
OH
OH
168 [M+H]+c 136, 124, 92
a Detected in negative mode with z = 1.
b Detected in negative mode with z = 2.
c Detected in positive mode with z = 1.
46 L.C. Almeida et al. / Journal of Electroanalytical Chemistry 734 (2014) 43–52the quartz tube, and the gap between Pt/TiO2NTs and the Hg lamp
was ca. 2.0 cm. In the EF experiments, a platinum mesh was used
as the anode with the same carbon-PTFE air-diffusion cathode
applied in the PEC/EF process but without the Philips high-pres-
sure Hg lamp exposure. The EF and PEC/EF assays were performed
in a galvanostatic model with a TECTROL R3/AS1 power supply,
and the cell potentials generated during the electrochemical degra-
dation of the AR29 solutions were recorded regularly with a digital
multimeter. To establish a comparison with the EF and PEC/EF pro-
cesses, the photoelectrocatalytic (PEC) experiments were per-
formed using the Pt/TiO2NTs as photoanode and platinum gauze
as cathode for the optimum pH value. The PEC experiments were
conducted at a bias potential of 2.0 V vs. Ag/AgCl (potentiostatic
condition) and using the same lamp previously mentioned.
Comparative EF and PEC/EF treatments of 500 mL of
85.4 mg L1 (35 mg L1 TOC) AR29 solutions in 0.05 mol L1 Na2-
SO4 were performed at pH values in the range of 3.0–6.0. Under
the optimised pH value, a photoelectrocatalytic experiment was
performed for the same AR29 solution to compare the three stud-
ied processes (EF, PEC and PEC/EF). All electrochemical assays were
conducted under continuous stirring with a magnetic bar to pro-
mote the transport of active species towards the electrodes.
2.4. Instruments and analytical procedures
The morphology and composition of Pt/TiO2NTs photoelec-
trodes were analysed by X-ray diffraction (XRD) using a SiemensD5000 system (DIFFRAC PLUS XRD Commander) with a Cu ka radi-
ation and Field Emission Gun-Scanning Electron Microscopy (FEG-
SEM) of high resolution with the source of electrons by ﬁeld emis-
sion model JSM-7500F. The photoactive properties of Pt/TiO2NTs
electrodes were evaluated by diffuse reﬂectance spectroscopy
(DRS) and linear sweep voltammetry (photocurrent) measure-
ments. All characterisations mentioned above are described else-
where in detail [2].
The electrogenerated hydrogen peroxide was determined using
a spectrophotometric method based on the reaction between H2O2
and ammonium metavanadate in acid medium and detailed in the
work of Paterlini et al. [42]. Basically, this reaction forms a red–
orange solution corresponding to the peroxovanadium cation
(VO3+) with its maximum absorbance at k = 450 nm.
The decolourisation of AR29 dye solutions was monitored based
on the absorbance decay at 508 nm (wavelength of maximum
AR29 absorption) using a Hewlett Packard 8453 UV–Vis spectro-
photometer. The decolourisation efﬁciencies were calculated using
Eq. (7) [9]:
Decolourisation efficiency=% ¼ ½ðA0  AtÞ=A00  100 ð7Þ
where A0 and At are the maximum absorbance (k = 508 nm) at the
initial time and time t, respectively.
Total organic carbon (TOC) measurements were performed to
evaluate the mineralisation efﬁciencies (TOC abatement) of AR29
solutions via EF, PEC and PEC/EF processes and by using a Shima-
dzu TOC-V CPN analyser. The AR29 decay was followed by
Fig. 1. Concentration of H2O2 produced in the air-diffusion cathode from reaction
(1) by electrolysing 100 mL of 0.05 mol L1 Na2SO4 solutions (pH = 3.0) at a current
density of 16.67 mA cm2 during 420 min of electrolysis for the (h) EF and (4) PEC/
EF processes. Irradiation source used in the PEC/EF process: Philips high-pressure
Hg lamp (80 W).
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Spherisorb ODS2 5 lm (150 mm  4.6 mm) column at 35 C and
coupled with a photodiode array detector selected at k = 508 nm.
In these kinetics studies, a 75:25 (v/v) acetonitrile/phosphate buf-
fer mixture at pH 3.5 and a ﬂow rate of 0.6 mL min1 was used as
mobile phase.
The aromatic compounds formed during the AR29 dye degrada-
tions were determined by LC/MS/MS analysis in a High Perfor-
mance Liquid Chromatography of 1200 Agilent Technologies
coupled to a Mass Spectrometer 3200 QTRAP (Linear Ion Trap
Quadrupole LC/MS/MS Mass Spectrometer), AB SCIEX Instruments
operating in a negative mode and TurboIonSpray ionisation. Full-
scan and fragment ion experiments were performed using the fol-
lowing parameters: curtain gas: 10 psi, Ion Spray: 4500 V, Gas 1:
50 psi, Gas 2: 50 psi, Temperature: 450 C, Declustering Potential:
40.00 V, Entrance Potential: 4.50 V and Interface heater: ON.
The collision energy used to fragment ion experiments ranged from
20.0 to 35.0 V. The LC analyses were performed using an Agilent
Zorbax C-18 5.0 lm (150 mm  4.6 mm) column at 25 C ﬁtted
to a C18 column guard. The mobile phase was water containing
0.01% formic acid and methanol in a gradient elution from 5% to
100% methanol in 15 min. The ﬂow used was 1.0 mL min1, and
the injection volume was 25 lL. The samples were also analysed
in a positive mode, using Ion Spray: 5500 V, Declustering Potential:
50.0 V and Entrance Potential: 10.0 V; the others parameters were
the same as the ones used in negative mode.
For the LC–MS/MS analysis, aliquots of 2.5 mL of the electro-
lysed dye solutions were withdrawn at predetermined times.
These samples were extracted using a solid-phase cartridge (Strata
X polymeric cartridge) previously conditioned with 3.0 mL metha-
nol and balanced with 3.0 mL ultra-pure water. Subsequently, the
samples were cleaned up by the conditioned cartridge and eluted
with a mobile phase consisting of a 50:50 (v/v) methanol/water
mixture with formic acid 0.1% (v/v). Then, 25.0 lL of each sample
was injected.
The carboxylic acids generated were detected and identiﬁed by
ion-exclusion using the same HPLC mentioned above with a Rezex
ROA-Organic Acid 8 lm (300 mm  7.8 mm) column coupled with
a photodiode array detector selected at k = 210 nm. The mobile
phase used for the carboxylic acids was 4.0 mmol Ll H2SO4 at
0.6 mL min1.3. Results and discussion
3.1. Hydrogen peroxide electrogeneration
Considering that the performance of electro-Fenton processes is
directly dependent on the H2O2 electrogeneration onto the cathode
surface from reaction (1), the ability of the carbon–PTFE air-diffu-
sion cathode to produce H2O2 in the EF and PEC/EF processes
applied in this work was evaluated. Fig. 1 compares the ability of
an undivided cell to produce H2O2 in 100 mL of 0.05 mol L1 Na2-
SO4 (pH = 3.0) at a current density of 16.67 mA cm2 for 420 min
of electrolysis for both EF and PEC/EF processes. As shown in
Fig. 1, the concentration of H2O2 increases gradually with electrol-
ysis time in both conditions to achieve plateau concentrations
above 300 min. Maximum H2O2 concentrations of 65.3 and
94.0 mg L1 were achieved for the PEC/EF and EF processes, respec-
tively. These roughly stationary H2O2 concentrations achieved for
longer electrolysis times in both conditions are evidence that the
electrogeneration and destruction of H2O2 become equal [13].
Although the maximum H2O2 accumulation has been achieved
by electrolysis without UV–Vis irradiation exposure (EF process),
the degradation experiments conducted with this irradiation
source (PEC/EF process) were more efﬁcient for the AR29 dye min-eralisation, as will be discussed below. The smaller concentration
of hydrogen peroxide accumulated for the PEC/EF assay can be
related to the action of UV irradiation, which promotes the homo-
lytic cleavage of H2O2 according to reaction (6) [43].
The hydrogen peroxide decomposition using the UV–Vis irradi-
ation source can also be caused by two photoelectrochemical pro-
cesses on the Pt/TiO2NTs surface: (i) H2O2 reduction by the
electron photogenerated in the conduction band (CB) in the semi-
conductor by reaction (8) [22,44] and (ii) the reaction between
H2O2 and the superoxide radical O2 (formed after the preadsorbed
O2 molecules to trap electrons in the conduction band) by the ano-
dic reaction (9) [44]:
H2O2 þ eCB ! OHþ OH ð8Þ
H2O2 þ O2 ! OHþ OH þ O2 ð9Þ
These reactions and other secondary reactions may have con-
tributed (even if in small proportions) to the consumption of
hydrogen peroxide and simultaneously to the degradation of
organic contaminants. The inﬂuence of hydrogen peroxide on the
AR29 degradation for both Fenton processes will be discussed in
more detail in the following subsections. However, when produced
in excess, the hydrogen peroxide acts as OH and hole (h+) scaveng-
ers to form the hydroperoxyl radical from reactions (10) and (11)
[44,45], reducing the degradation rate of the AR29 dye in the
PEC/EF process applied in this work.
OHþH2O2 ! þH2OþHO2 ð10Þ
H2O2 þ hþ ! Hþ þHO2 ð11Þ3.2. Decolourisation and mineralisation of AR29 dye by PEC, EF and
PEC/EF processes
To comparatively evaluate the efﬁciency of the PEC, EF and PEC/
EF processes on the decolourisation and degradation rates of
85.4 mg L1 AR29 solutions in 0.05 mol L1 Na2SO4, a conventional
electrochemical cell was used. Based on our previous reports [10],
for the EF and PEC/EF processes, 0.5 mmol L1 Fe2+ was added as
catalyst. First, comparative EF and PEC/EF treatments were per-
formed at pH values in the range of 3.0 to 6.0. This pH range was
chosen considering the relation of the surface charge of TiO2NTs
(isoelectric point – IEP), the acid dissociation constant (pka) of
AR29 and the optimum pH of approximately 3.0 for Fenton’s
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values were not studied to avoid the precipitation of iron species,
thus limiting the Fenton’s reaction (2). Then, for the optimal pH
value, degradation assays were performed for the same AR29 solu-
tion to compare the three processes (EF, PEC and PEC/EF) studied.
In all degradation assays, slight pH decreases with prolonged deg-
radation time were observed, most likely due to the formation of
organic acid compounds such as aliphatic carboxylic acids [9,34].
The EF PEC/EF treatments were conducted in galvanostatic mode
due to the efﬁcient H2O2 electrogeneration achieved when com-
pared to the assays conducted in potentiostatic conditions.
Fig. 2 compares the decolourisation efﬁciencies (calculated
from Eq. (7)) for 85.4 mg L1 of AR29 solutions treated by EF and
PEC/EF processes at pH values of 3.0, 4.5 and 6.0 and applying a
current density of 16.67 mA cm2 during 60 min of electrolysis.
Total decolourisation was achieved for both the EF and PEC/EF pro-
cesses after 60 min of electrolysis at pH 3.0 and 4.5. However, at pH
6.0, the decolourisation efﬁciencies reached only 84% and 92% for
the EF and PEC/EF processes, respectively.
The total decolourisation obtained for more acidic pH values
was most likely due to the favouring of the Fenton’s reaction (2),
which enhances the production of OH in the bulk solution in this
experimental condition [10,34]. The other factor that also favoured
the total decolourisation process was the better adsorption process
of the ionic form of the AR29 (AR292) onto the Pt/TiO2NTs photo-
electrode surface in more acidic conditions, which is considered as
the ﬁrst step in the photoelectrocatalytic oxidation of the AR29 dye
[2,46]. Considering the acid dissociation constant value for the
AR29 dye (pka = 3.08 at 25 C), the ionic form of the dye
(AR292) predominates in the pH range studied [2]. Furthermore,
according to the literature, the IEP for TiO2 (i.e., the pH value at
which the surface charge is electrically neutral) is approximately
5.4–6.0 [47–49]. Thus, at pH 6 4.5, the surface of TiO2NTs would
be positively charged due to the protonation of Ti–OH bonds
according to reaction (12). At pHP 6, the opposite behaviour (sur-
face negatively charged) is observed, as described in reaction (13)
[48].
pH < IEP : Ti OHþHþ ! Ti OHþ2 ð12Þ
pH > IEP : Ti OHþ OH ! Ti O þH2O ð13Þ
Therefore, the adsorption process of the AR292 onto the TiO2-
NTs surface is gradually suppressed with increasing pH values,
which decreases the photoelectrocatalytic efﬁciency of the Pt/TiO2-
NTs photoanode. This behaviour indicates that the kinetics of AR29Fig. 2. Effect of pH on colour removal vs. degradation time of 500 mL of a
85.4 mg L1 Acid Red (AR29) solution in 0.05 mol L1 Na2SO4 with 0.5 mmol L1
Fe2+ and applying a current density of 16.67 mA cm2 for: (h,D,s) EF and (j, N,d)
PEC/EF processes. Applied pH: (j, h) 3.0, (N, 4) 4.5 and (d, s) 6.0. Irradiation
source used in the PEC/EF process: Philips high-pressure Hg lamp (80 W).oxidation is favoured under more acidic conditions (see Fig. 2). Fur-
thermore, the decolourisation efﬁciency was also reduced when
the pH varied from 3.0 to 6.0 due to the partial precipitation of
Fe3+ and its slower reduction to Fe2+, suggesting inefﬁcient produc-
tion of OH in the bulk solution of Fenton’s reaction (2) for higher
pH values [9].
When comparing the decolourisation efﬁciencies for the EF and
PEC/EF processes (see Fig. 2), it can be observed that the AR29 dye
was more slowly decolourised by the EF process. The faster decolo-
urisation of AR29 solutions promoted by the PEC/EF process is
attributed mainly to the additional OH production due to water
oxidation by the holes generated on the photoanode surface [2]
by the photolytic cleavage of H2O2 from reaction (6) [22,43,45]
and by the photochemical reduction of Fe(OH)2+ complexes
according to reaction (5) [9,20,21]. In addition, the hydrogen per-
oxide may also have increased the mineralisation efﬁciency of
the AR29 solution by using the efﬁciency of the PEC/EF process
due to the inhibition of the electron/hole pair recombination onto
the photoanode surface with the additional generation of OH rad-
icals according to the photochemical reactions (8) and (9)
[22,44,50].
Fig. 3 illustrates the effect of pH value on TOC abatement of the
84.5 mg L1 AR29 solutions treated by EF and PEC/EF processes at
pH values of 3.0, 4.5 and 6.0 and a current density of
16.67 mA cm2 during 120 min of electrolysis. The TOC values
decayed more rapidly for the PEC/EF process compared to EF. For
the PEC/EF process, TOC reductions of 97%, 93% and 86% after
120 min electrolysis were obtained for pH values of 3.0, 4.5 and
6.0, respectively. However, when applied to the EF process, only
89%, 82% and 72% TOC abatement were achieved (after 120 min
electrolysis) for pH values of 3.0, 4.5 and 6.0, respectively. These
TOC abatement values obtained for both processes qualitatively
corroborate the decolourisation assays (see Fig. 2), where the max-
imum efﬁciencies of decolourisation and TOC abatement were
achieved for the PEC/EF process at pH 3.0. This behaviour also sug-
gests that the highest mineralisation efﬁciencies obtained for the
PEC/EF process could be due to the additional production of OH,
as previously discussed.
To evaluate the contribution of each process, the degradation of
AR29 solutions by the EF and PEC/EF processes was compared to
the PEC process at pH 3.0 (optimum pH value), applying the same
charge per unit volume of the dye solutions in all assays
(200 mA h L1). In both Fenton processes (EF and PEC/EF),
16.67 mA cm2 was applied. However, the PEC treatment was con-
ducted at a constant potential of 2.0 V vs. Ag/AgCl (KCl 3.0 mol L1)Fig. 3. Effect of pH on TOC abatement vs. degradation time of 500 mL of a 85.4 mg
L1 Acid Red (AR29) solution in 0.05 mol L1 Na2SO4 with 0.5 mmol L1 Fe2+ and
applying a current density of 16.67 mA cm2 for: (h, 4, s) EF and (j, N, d) PEC/EF
processes. Applied pH: (j, h) 3.0, (N, 4) 4.5 and (d, s) 6.0. Irradiation source used
in the PEC/EF process: Philips high-pressure Hg lamp (80W).
Fig. 4. Photocurrent (linear sweep voltammetry) measurements obtained for
TiO2NTs (Curve b) and Pt/TiO2NTs (Curves a and c–f) photoelectrodes at 10 mV s1
and in 0.100 mol L1 Na2SO4. Photocurrent for Curve a in the absence of UV–Vis
lamp exposure.
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in Fig. 4 (see Curves c, d, e and f for the Pt/TiO2NTs), the photocur-
rent values reach plateaus (saturated states) in the potential range
of 1.0 to 2.0 V, justifying the choice of the potential of 2.0 V for the
PEC assay. Then, the photoelectrochemical stability of the Pt/TiO2-
NTs electrodes was evaluated after four PEC/EF treatments through
6 h electrolysis for each assay (Fig. 4 – Curves c, d, e and f). By com-
paring these assays, it can be observed that the photocurrent val-
ues do not vary signiﬁcantly, demonstrating that the Pt/TiO2NTs
electrode showed good stability. Curve a shows the photocurrent
obtained in the absence of light exposure, and Curve b shows the
photocurrent for the TiO2NTs (undecorated) under UV light expo-
sure, respectively. As expected, Curve a shows that no photocur-
rent was generated. Comparing the photocurrent obtained for the
undecorated photoanode (Curve b) with the decorated one (Curves
c, d, e and f), it is possible to observe that the photocurrent gener-
ated for the Pt/TiO2NTs (decorated) photoelectrode (Curves c–f) are
higher than the TiO2NTs one. These results show that the decora-
tion of TiO2NTs with Pt nanoparticles promotes efﬁcient light
absorption and reduces the recombination of the photogenerated
electron–hole pairs generated under UV light exposition, improv-
ing the photoelectrocatalytic performance of the semiconductor.Fig. 5. Comparative TOC abatement vs. applied electric charge of 500 mL of
85.4 mg L1 Acid Red (AR29) solutions in 0.05 mol L1 Na2SO4 at pH 3.0 for the: (j)
PEC, (N) EF and (d) PEC/EF processes. In the EF and PEC/EF processes, 0.5 mmol L1
Fe2+ was added to the solution, and a current density of 16.67 mA cm2 was applied.
For the PEC treatment, a constant potential of 2.0 V vs. Ag/AgCl (KCl 3.0 mol L1)
was applied. Irradiation source used in the PEC and PEC/EF processes: Philips high-
pressure Hg lamp (80 W).Fig. 5 compares the degradation performance of the 85.4 mg L1
AR29 solutions in 0.05 mol L1 Na2SO4 and with 0.5 mmol L1 Fe2+
as catalyst for the EF and PEC/EF processes. From this comparative
analysis, it can be observed that the mineralisation ability of AR29
solutions for all EAOPs increased in the sequence PEC < EF < PEC/
EF. By applying electric charges per unit volume of dye solutions
of 200 mA h L1, TOC reductions of 81%, 90% and 98% were
obtained for the PEC, EF and PEC/EF processes, respectively (Fig. 5).
In the PEC process, the degradation of the AR29 dye is promoted
basically by direct oxidation in the holes (formed at the valence
band) and by the OH radicals generated after water oxidation by
holes on the Pt/TiO2NTs surface [2]. At higher concentrations, the
light intensity reaching the semiconductor surface is reduced due
to the lower transparency of the solution [51].
In the EF process, the AR29 dye is mineralised mainly by the
action of OH radicals formed from Fenton’s reaction (2) occurring
continuously in the bulk solution [9–11,34]. Thus, the AR29 dye is
more rapidly degraded by the EF process than by the PEC, possibly
due to the absence of mass transfer limitations in the EF process. In
other words, in the EF process, the dye is mineralised in the solu-
tion, whereas for the PEC process, the target compounds must be
conducted onto the anode surface for oxidisation. These different
paths of oxidation explain why the EF process was almost 10%
more efﬁcient than the PEC process for TOC abatement for the
same applied electric charge (see Fig. 5).
Finally, the higher TOC abatement obtained for the PEC/EF pro-
cess in comparison with the PEC and EF processes is credited to the
additional production of OH by the photolytic reactions (5) and (6)
in the bulk solution and from reactions (8) and (9) onto the Pt/TiO2-
NTs surface, as stated above. Furthermore, the photolysis of Fe(III)–
carboxylate complexes by reaction (4) enhanced the degradation
efﬁciency [9–11,18–21,34,41].
3.3. Degradation kinetics of the AR29 dye
The degradation of AR29 solutions during the three EAOP treat-
ments (PEC, EF and PEC/EF) at pH 3.0 were followed by reverse-
phase HPLC coupled to a diode array detector. The recorded chro-
matograms displayed a well-deﬁned peak at a retention time (tR) of
8.35 min, which was ascribed to the AR29 dye. Direct photolysis of
the AR29 dye was discarded because its concentration in solution
showed an insigniﬁcant decrease after 60 min electrolysis under
UV–Vis lamp exposition.
Fig. 6 compares the removal of the AR29 dye by the PEC, EF and
PEC/EF processes under the same conditions described in Fig. 5. As
can be observed in Fig. 6, for all treatments, progressive destruction
of AR29 was obtained, with an increasing oxidation rate in the
sequence PEC < EF < PEC/EF, consistent with the ﬁndings from the
TOC decays. The higher oxidation capability shown by the coupled
PEC/EF process in comparison with the single systems (i.e., PEC
and EF processes) clearly indicates the synergistic effect from the
photocatalytic reduction of the electrogenerated H2O2 from the
reaction (8) [22,44] onto the electrode surface, minimising the elec-
tron/hole pair recombination onto the photoanode surface with
concomitant OH production and transference of photo-electrons
to the air-diffusion cathode, (ii) an additional production of OH
according to the photocatalytic reactions (5) [9,20,21] and (6) [43]
in the bulk solution and onto the Pt/TiO2NTs surface from reaction
(9) [44] and (iii) the photolysis of Fe(III)–carboxylate complexes
formed as degradation products by reaction (4) [9–11,18–
21,34,37]. Fig. 6 also shows that the AR29 dye completely disap-
pears using applied charges of only 13, 16 and 20 mA h L1 for the
PEC, EF and PEC/EF processes, respectively.
The kinetic of degradation of AR29 solution during the PEC/EF
treatment is illustrated in Fig. 7. As shown, the AR29 concentration
decayed continuously until it disappeared at 7.0 min of electroly-
Fig. 6. Normalised AR29 concentration decay vs. applied electric charge of 500 mL
of 85.4 mg L1 Acid Red (AR29) solutions for the: (j) PEC, (N) EF and (d) PEC/EF
processes and under the same conditions described in Fig. 5. Chromatographic
conditions: mobile phase 75:25 (v/v) acetonitrile/phosphate buffer (pH 3.5) and
ﬂow rate of 0.6 mL min1.
Fig. 7. Normalised AR29 concentration decay vs. degradation time during the PEC/
EF treatment of 500 mL of 85.4 mg L1 Acid Red (AR29) solution in 0.05 mol L1
Na2SO4 with 0.5 mmol L–1 Fe2+ (pH = 3.0), applying a current density of
16.67 mA cm2 and under UV–Vis lamp exposure. The inset panel presents the
kinetic analysis assuming a pseudo ﬁrst-order reaction for the AR29 dye degrada-
tion. Chromatographic conditions: mobile phase 75:25 (v/v) acetonitrile/phosphate
buffer (pH 3.5) and ﬂow rate of 0.6 mL min1.
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obtained considering pseudo ﬁrst-order kinetics for the AR29 con-
centration decays in the PEC/EF treatment, suggesting an attack of
constant amounts of the oxidant OH (in the bulk and on the anode
surface), at least at the beginning of the degradation experiments
[9–11]. From this analysis, a pseudo ﬁrst-order constant (k1) of
11.0  103 s1 (R2 = 0.990) was found for the PEC/EF process.
The fast AR29 removal compared with the slow TOC abatement
could be attributed to the formation of persistent organic by-prod-
ucts during the PEC/EF treatment [9].
3.4. Identiﬁcation of oxidation products
It is well known that during EAOP processes, various by-prod-
ucts can be formed during the mineralisation of organic com-
pounds, i.e., up to their transformation into CO2, water and
inorganic ions [10]. In this context, aromatic and aliphatic interme-
diates formed during the PEC/EF treatment of AR29 solutions were
identiﬁed by LC–MS/MS and HPLC techniques, respectively.
Table 1 lists the identiﬁcation of the target AR29 dye and itsmain
degradation products revealed by m/z transition detected in the
negative mode. The results indicate that the AR29 dye presented a
well-deﬁned peak with m/z 439 before the PEC/EF treatment. In
the sequence, LC–MS/MS spectra presented the following products
assigned as compounds 2–16 in Table 1. The products identiﬁed
as compounds 2 and 3 after 5 min electrolysis were generated by
desulphonation and hydroxylation of the initial compound 1,
respectively. Successive hydroxylations of 2 formed the compounds
4, 5 and 7, whereas the hydroxylation of 3 yielded compound 6.
Compounds4 to 7were detected between 15 and20 min of electrol-
ysis. The hydroxylation of 3 followed by a desulphonation reaction
could also favour the formation of 4, and the hydroxylation and des-
ulphonation of 6 yields compound 7. The cleavage ofAN@NA bonds
of the aromatic compounds 4 and 7, identiﬁed only after 20 min of
electrolysis, led to the formation of the benzenic compounds 8–10
and naphthalenic compound 11, respectively. These compounds
(8–11) were oxidised to other benzenic products (compounds 12–
16). Further oxidations lead to the formation of aliphatic products
such as carboxylic acids 17–18, possibly by the cleavage of the ben-
zenic rings (oxidative ring opening reactions) of the aromatic by-
products. The by-products 12–18 were only detected after 30–
40 min electrolysis.
The ﬁnal product was also analysed using ion-exclusion chro-
matograms of the electrolysed AR29 solutions by the PEC/EF pro-
cess. The chromatograms revealed the generation of carboxylicacids such as succinic (tr = 11.3 min) and oxalic (tr = 5.2 min) acid,
which were degraded until their total mineralisation [8,10,11,41].
Other carboxylic acids such as oxalacetic, tartronic, tartaric, malon-
ic and fumaric are expected to be generated from the oxidation/
cleavage of the aromatic rings of azo dyes [10].
In the EF and PEC/EF processes, carboxylic acids are present in
solution as Fe(III)–carboxylate complexes, which can be photoly-
sed when exposed to the UV–Vis lamp in the PEC/EF process [10].3.5. Proposed AR29 degradation sequence
Based on the aromatic and aliphatic intermediates formed as
by-products during the PEC/EF treatment of AR29 and detected
by LC–MS/MS (see Table 1) and HPLC, a plausible mineralisation
pathway for the PEC/EF degradation of AR29 is proposed in
Fig. 8. In this proposed AR29 degradation sequence, the main oxi-
dising agents OH and M(OH) are considered, which are formed in
the bulk and on the Pt/TiO2NTs surface. However, other weaker
oxidants (e.g., HO2 , O3) can also be generated during the PEC/EF
treatment, albeit in smaller proportions [10].
According to the results presented in Fig. 8, the mineralisation
of the AR29 (1) dye due to the attack of the oxidising agents may
have been initiated by two paths: (i) desulphonation in the naph-
thalenic ring on the C(6)-position, which leads to the formation of
2 (path A), and (ii) successive hydroxylations to form compounds 3
and 6 (path B). Compound 4 can be formed from the hydroxylation
reaction of 2 or from the desulphonation of 3. Consecutive hydrox-
ylations of 4 lead to the formation of compounds 5 and 7. Com-
pound 7 can also be formed from successive hydroxylations and
from desulphonation of 6. The oxidation of 7 leads to the cleavage
of the C–N bond, which is subsequently either oxidised to 10 or
hydroxylated and desulphonated to yield the benzenic compound
9 and the naphthalenic compound 11. The degradation of the
naphthalenic compound 11 with ring opening leads to the forma-
tion of the benzenic compounds 12–15. Compound 4 can even be
oxidised to generate 8 and 16 after desulphonation and cleavage
of theAN@NA bond. Further oxidation of the benzenic compounds
8–10 and 12–16 with ring opening leads to the formation of the
aliphatic acids 17–18. These carboxylic acids can be further oxi-
dised to ultimate acids such as formic, oxalic and oxamic acid,
forming Fe(III)–carboxylate complexes, which can be photolysed
by UV–Vis radiation [10,20,41].
Fig. 8. General pathway proposed for AR29 degradation by PEC/EF process under the same conditions described in Fig. 7.
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by the formation of persistent organic pollutants such as N-deriv-
atives and other undetected aromatic compounds, which cannot be
mineralised by OH and UV–Vis radiation [10].
4. Conclusion
In this study, the discolouration and mineralisation of the AR29
dye were comparatively investigated by PEC, EF and PEC/EF pro-cesses. From this comparative analysis, it was concluded that the
mineralisation ability of the dye solutions increased in the
sequence PEC < EF < PEC/EF with TOC decays of 81%, 90% and
98%, respectively. For the PEC/EF process, the AR29 decays fol-
lowed a pseudo ﬁrst-order kinetic, suggesting constant OH and
M(OH) production, at least at the beginning of the treatments.
The higher mineralisation capacity obtained for the PEC/EF process
in comparison with the PEC and EF processes was ascribed to the
additional production of OH by the photolytic reactions in the bulk
52 L.C. Almeida et al. / Journal of Electroanalytical Chemistry 734 (2014) 43–52solution and on the Pt/TiO2NTs surface. The synergetic effect of the
photocatalytic reduction of H2O2 on the electrode surface (which
minimises the electron/hole pair recombination) and the photoly-
sis of Fe(III)–carboxylate complexes also enhanced the degradation
efﬁciency of the coupled PEC/EF process. For the PEC/EF process at
the optimum pH value 3.0, the aromatic and aliphatic by-products
were identiﬁed by LC–MS/MS and HPLC, respectively. Finally, a
plausible pathway for the AR29 dye degradation via the PEC/EF
process was proposed based on the by-products detected by HPLC
and LC–MS/MS. Total mineralisation of the AR29 dye was
prevented, most likely by the formation of persistent organic
by-products. Finally, these results revealed that the coupling of
electrochemical methodologies is a promising approach for the
remediation of efﬂuents containing textile dyes.
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